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EXECUTIVE SUMMARY 

 
Noise characteristics in shock-containing jets at an overexpanded jet condition have been 

investigated. Total temperature ratios of 1.0 (cold), 2.0, and 3.0 are considered. The cold jet is a highly 
screeching jet. Frequency-wavenumber Fourier analysis is employed to examine the wave characteristics 
of pressure waves along the lip line and also along a near-field conical surface. It is found that the 
radiating portion of the pressure wave intensity increases with the jet temperature, but the hydrodynamic 
portion is much less sensitive to the change of the jet temperature. The near-field noise intensity 
associated with the Mach wave radiation is observed over a large axial distance, and the Mach wave 
radiation extends to much higher frequencies in heated jets. The peak radiation direction in the cold jet is 
dominated by the axisymmetric mode, but the directions around the sideline show a much weaker 
azimuthal dependence. Furthermore, the axial locations of lip-line pressure peak intensities at the screech 
frequency are near the axial locations of shock-cell tips. A reinforcing loop between 
upstream/downstream propagating waves and the induced shock-cell coherent oscillatory motion is 
observed in the highly screeching jet. The formation of this reinforcing loop requires a match of the peak 
phase velocities between upstream and downstream propagating waves. This phase velocity match exists 
in the highly screeching cold jet, but not in the weakly screeching heated jets. It appears that the phase 
velocity match that sustains the reinforcing loop is important to the screech generation, and the phase 
velocity mismatch in heated jets is believed to be an important cause of the screech intensity reduction. 
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NUMERICAL STUDY OF NOISE CHARACTERISTICS IN OVEREXPANDED JET 
FLOWS 

I. INTRODUCTION 

Engine exhausts of high performance supersonic military aircraft during takeoff or landing are shock-
containing hot jets, which produce high-intensity jet noise that can have a direct impact on shipboard 
health and safety issues. Therefore, understanding the noise generation mechanism of shock-containing 
jets at various jet temperatures is important to the development and optimization of effective noise 
reduction techniques for military aircraft. The jet noise generated in shock-containing jet flows includes 
shock-associated noise and mixing noise. The shock-associated noise has discrete tones (screech) and a 
broadband noise component. The noise generation mechanism in shock-containing jet flows have been 
experimentally and theoretically investigated by a number of authors in the past [1]-[17]. The early 
investigations have laid a solid foundation for improving the understanding of the noise characteristics in 
shock-containing supersonic jet flows. We have examined the noise characteristics of jet flows at an 
underexpanded jet condition previously in Ref. [18], and have studied the correlation between the near-
field acoustic pressure waves and the turbulence fluctuations in the jet plume in Refs [19]. In this paper, 
we investigate the noise characteristics in jet flows at an overexpanded condition. The cold jet and two 
heated jets are considered. The cold overexpanded jet is highly screeching, and the two heated jets are 
used to investigate the heating impact on the screech intensity and also on the Mach wave radiation.  
 
High-intensity screech tones have a large impact on the jet flow and jet turbulence. They disrupt the jet 
core and increase both the jet turbulence level and the far-field noise level. The noise generation 
mechanism of screech tones has been the subject of many experimental, theoretical and numerical studies 
more than half a century. Some examples can be found in Refs [20]-[38]. It was suggested that screech 
tones were generated and driven by a feedback loop between the flow disturbances inside the jet and the 
feedback sound waves outside the jet [20]. The screech frequency has been well predicted [21], but the 
prediction of the screech intensity is elusive. It is found that screech tones present modal behavior, which 
varies with the jet Mach number. This modal behavior is found to correlate with the modes of the highly 
amplified instability waves [21].  Large coherent shock-cell oscillatory motion has also been observed in 
highly screeching jets as reported in Refs [22]-[25]. It was suggested that the coherent shock-cell 
oscillatory motion could be important to the screech tone generation [23]. It is also found that the screech 
intensity decreases in hot jets. The frequency mismatch between screech tones and the most amplified 
instability waves was speculated as the cause of the screech tone reduction in hot jets [21].  On the other 
hand, Mach wave radiation is generated by instability waves that travel supersonically relative to the 
ambient sound. It is a dominant noise generation mechanism in high-speed jets. This noise generation 
mechanism has also been investigated extensively in the past, for example in Refs [39]-[43]. The growth, 
decay and propagation of the most amplified instability frequencies were examined and modeled. Mach 
wave radiation suppression techniques were also explored [40].  
 
The total temperature ratios studied in this paper are TTR = 1.0, 2.0, and 3.0. TTR stands for the ratio 
between the total temperature at the nozzle inlet and the ambient temperature. The Oertel Mach number 
[44] of these three jets ranges from 1.12, 1.34 and 1.46. It was suggested in Ref. [41] that Mach wave 
radiation should be a significant component of radiation noise if Oertel Mach number is above 1.25. Thus, 
we would expect significant Mach wave radiation in the two heated jets. Large-eddy simulations (LES) 
are used to generate the near-field data. The LES methodology is similar to those reported in our previous 
work in Refs [18][19], where an unsteady compressible flow solver embedded in the Jet Engine Noise 
Reduction (JENRE) code was used. This flow solver employs the Finite Element Flux Corrected 
Transport method [45]-[48], which combines the Taylor-Galerkin finite element method together with the 
Flux-Corrected Transport convection scheme [45][46] and the Zalesak multi-dimensional flux limiter 
________________
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[48]. These simulations are in the category of Monotonically Integrated Large-Eddy Simulation approach, 
which is often addressed as MILES approach. In addition, the far-field noise intensities are predicted by 
using the Ffowcs Williams & Hawkings (FW-H) integration equation [49] based on the near-field LES 
results. The flow field and the noise characteristics in both the near and far field are examined. Wave 
characteristics associated with near-field pressure waves are examined by using the frequency-
wavenumber Fourier analysis. This approach has been used by a number of authors to separate the 
radiating pressure waves from the hydrodynamic non-radiation pressure fluctuations in the jet plume, for 
example in Refs [50]-[53]. Difficulties associated with this approach were also presented in Ref. [53]. In 
addition, azimuthal dependence of both screech tones and Mach wave radiation are examined. The noise 
source associated with screech tones are investigated. 
 

II. NOZZLE GEOMETRY AND COMPUTATIONAL DOMAIN 

The nozzle geometry for the shock-containing jet flows is shown in Figure 1. It is a representative of 
practical military engine nozzles, similar to that used in Refs [18][19]. The design Mach number 𝑀! of 
this C-D nozzle is 1.5, and the fully expanded pressure ratio is 3.7. Figure 2(a) shows the computational 
domain, where the near-field useful region is enclosed by the nozzle surfaces and the funnel-shaped 
surface colored in grey. Again, the grid resolution and the computational domain is the same as those 
reported in Refs [18][19]. The axial range of the funnel-shaped surface extends from 2.0D (D is the 
nozzle exit diameter) upstream of the nozzle exit to 27.0D downstream. The upstream portion has a radius 
of 1.5D, but the downstream portion is 9.5o to the jet axis. The cell size is around D/286.0 in the shear 
layer, and gradually increases to a size around D/30.0 in the axial direction as shown in Fig. 2(b). In 
addition, the cell size of D/30.0 extends to the remaining portion of the region enclosed by the black lines 
shown in Figure 2(a). The radius of this region is 1.1D above the nozzle exit and 1.8D from x = 10.0D to 
25.0D. Furthermore, the cell size gradually increases to a size around D/20.0 in the region near the 
conical surface, beyond which the cell size increases rapidly to a very large size in the far field. Overall 
the simulation domain extends to 30.0D in the radial direction, 17.0D upstream of the nozzle exit and 
70.0D downstream in the axial direction. A buffer zone is implemented near the far-field boundaries to 
remove the wave reflection, and the number of grid points is 59 millions. 

III. RESULTS AND DISCUSSIONS 

The jet flows in this paper are overexpanded with a nozzle pressure ratio of 3.5 and jet Mach number (𝑀!) 

of 1.47. The off-design intensity 𝛽 = 𝑀!! −𝑀!
!  is 0.23, which is somewhat lower than the off-design 

intensity (𝛽 = 0.42) of underexpanded jet flows reported in our previous study [18][19]. Thus the 
contribution of the shock-associated broadband noise would be expected to be smaller than that in the 
underexpanded jets in our previous study. However, the cold overexpanded jet is highly screeching, 
whereas the underexpanded jets only have a weak screech tone. Similar to the practice used in Refs 
[18][19], shock-free jets that have similar jet velocities are also simulated to distinguish the contribution 
of the shock-associated noise component. 
 
Figure 3 shows the time-averaged streamwise velocity distributions for these three overexpanded jets, and 
Figure 4 shows the centerline axial velocity distributions of both shock-containing and shock-free jets. It 
can be seen that the jet core length in the overexpanded cold jet is shorter than that in the shock-free cold 
jet, but this difference is substantially reduced as the jet temperature increases. The jet core lengths in 
shock-free jets are 9.3D, 8.1D, and 7.7D at TTR of 1.0, 2.0, and 3.0, respectively. The jet core length of 
the overexpanded cold jet is roughly 8.1D, so it is more than one jet diameter shorter than that of the 
shock-free jet. In addition, the change of the jet temperature has no impact on the shock-cell structure 
upstream of the shock-cell decay region. This is also true in the underexpanded jet flows reported in Ref. 
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[18]. Furthermore, Figure 5 shows the time-averaged turbulence kinetic energy distributions along both the 
centerline and the lip line. It can be seen that the turbulence kinetic energy along the centerline in the cold 
overexpanded jet is much higher than that in the shock-free jet, but this centerline difference is also 
getting smaller as the jet temperature increases. The shock-cell impact on the centerline distributions in 
the two heated jets is similar to that in the mildly screeching underexpanded jets [18]. On the other hand, 
the impact on the lip line is much smaller, except that the shock-cell impact in the cold jet is slightly 
larger than that in the two heated jets. The highly screeching underexpanded jets reported in Ref. [12] also 
show a large increase of the lip-line turbulence besides the large increase in the centerline. This different 
impact of the screech tone on the lip-line turbulence probably is related to the difference between the 
overexpanded and underexpanded jet conditions. An overexpanded jet core would have a smaller jet core 
width and the high-speed portion of the shear layer would fall off the lip line faster. This makes the 
velocity and velocity gradient along the lip line smaller than those that would be observed in 
underexpanded jets. 

A. Noise Distributions in both Near Field and Far Field 
The funnel-shaped surface shown in Figure 2(a) is used as FW-H surface for the far-field prediction. The 
quality of FW-H surface has been carefully assessed in Ref. [19], and it was shown that both the radial 
and axial locations of the current FW-H surface are appropriate for the far-field prediction. In addition, 
the total temporal sample length of LES data used for the spectral analysis is around 900 D/Uj, which is 
divided into six windows with a 50% overlap between windows. This results in 11 windows and each 
window has 4096 bins.  Figure 6 shows the sound pressure level (SPL) distributions on the FW-H surface 
in the overexpanded cold jet and the overall sound pressure levels (OASPL) in both the shock-containing 
and shock-free cold jets. It can be seen that a strong fundamental screech tone (the first screech harmonic) 
and the second screech harmonic tone are observed in this overexpanded jet. It appears that there is also a 
higher screech harmonic tone, but its intensity is much weaker. The screech frequencies agree very well 
with the measurement data, and the screech intensities are also comparable to those observed in 
measurements. The strong screech tone causes a large modulation on the OASPL distribution upstream of 
x = 6D and greatly increase the sound pressure level near the nozzle exit. The small peak level around x = 
7D is contributed by the second screech harmonic. In addition, shock cells elevate the pressure fluctuation 
level in the region up to x = 15D on the FW-H surface, but very little difference is observed further 
downstream. This is similar to that observed in the mildly screeching underexpanded cold jet reported in 
Ref. [18].  
 
Figure 7 shows SPL contour distributions along the conical surface shown in Figure 2(a). Both the 
overexpanded and shock-free cold jets and the heated overexpanded jet at 𝑇𝑇𝑅 = 2.0 are shown. It can be 
seen that the shock-free distribution is dominated by the large-scale contribution, and the dominant noise 
source starts from around x = 5D~6D. When shock cells are present, the shock-associated broadband 
component is clearly observed in the middle frequency range. The shock-associated broadband peak 
frequency increases in the downstream direction, similar to that reported in the underexpanded jets in Ref. 
[18], and it has been also observed in several measurements as shown in Refs. [8][15][16]. The 
fundamental screech tone can be seen over a large axial distance, but the largest magnitude is found 
upstream of x = 5D. In addition, there are also two higher screech harmonics shown in Figure 7(b), where 
the second harmonic is roughly between x = 5D~10D and centered around x = 7D. The third harmonic is 
found between x = 6D~9D, but is much weaker and barely visible in this figure. In addition, the low-
frequency intensity is higher in the overexpanded cold jet than that in the shock-free jet. Increasing the jet 
temperature increases the overall noise level, but the screech intensity is reduced, so is the low-frequency 
component. In addition, the screech higher harmonics disappear in the heated jet. Furthermore, the 
heating impact on the screech intensity is examined in Figure 8, where SPL distributions at the location of 
1.5D above the nozzle exit are shown. Distributions from the mildly screeching underexpanded cold jet 
taken from Ref. [18] are also presented in this figure. It can be seen that in both the overexpanded and the 
underexpanded jets, increasing the jet temperature increases the screech frequency, but decreases the 
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screech Strouhal number. The overexpanded jets show a reduction of the screech intensity with the jet 
temperature, but the screech intensity in the underexpanded jets is not sensitive to the change of the jet 
temperature. Thus, the heating effect on the screech intensity in the strong screeching overexpanded jet is 
different from that in the mildly screeching underexpanded jet. In addition, there is a low-frequency peak 
in the range between St = 0.1 and 0.2 shown in all overexpanded and underexpanded jets. The frequency 
and Strouhal number of this low-frequency peak respond to the change of the jet temperature in a similar 
way to those of screech tones, except that the frequency decreases faster than the screech frequency. The 
intensity of the low-frequency peak in the overexpanded jets decreases with the jet temperature, but the 
trend is opposite in the underexpanded jets. The two heated overexpanded jets do not show screech 
harmonics, but they present a small shock-associated broadband noise region at frequencies higher than 
the screech frequency, whereas the shock-associated broadband noise region in the highly screeching cold 
jet is barely visible at this location. This is consistent with the observation that screech tones suppress the 
broadband shock-associated noise component [10]. On the other hand, the underexpanded profiles show a 
more consistent profile around the screech frequency.  
 
Figure 9 shows the far-field SPL and OASPL distributions at a far-field radius of 47D. The shock-
containing results are compared with both the measurement data and also the shock-free results. The 
frequencies of the fundamental screech tone and its harmonics compare well with measurement data, and 
the shift of the broadband peak of the shock-associated noise to higher frequencies in the downstream 
direction is accurately captured. The peak intensity of the fundamental screech tone is in the upstream 
direction, but the first harmonic tone has the peak intensity near the sideline direction. In addition, the 
second harmonic tone, which is less visible, can be seen between 60o~70o and between 110o-120o. The 
radiation directions of these screech harmonics are similar to those shown in the jet flow of 𝑀! = 1.49 in 
Ref. [31]. The far-field OASPL also agrees well with measurement data, and the impact of the screech 
tone and the second harmonic tone is clearly shown in these distributions. On the other hand, the shock-
free jet shows a continuous increase from upstream to downstream. There is almost 13dB difference 
between the overexpanded and the shock-free jet at the upstream angle of 35o.  
 
Figure 10 shows the OASPL contours from the jet plume to a far-field distance of r = 100D in these three 
overexpanded jets. The FW-H surface integral method [49] is used to generate the OASPL contours 
outside the jet plume. In addition, Figure 11 shows the far-field OASPL distributions at the far-field 
distance r = 100D. There are four distinctive peak radiation directions in the pressure wave propagation in 
the cold jet, and three of them are shock-associated. The one at the angle of 22o in the upstream direction 
is the fundamental screech tone. The one at the sideline is the second screech harmonic, as we have 
observed in Figure 9. The small peak between 120o and 130o, however, is contributed by the shock-
associated broadband noise, which will be discussed more in the next subsection. The peak at 152.8o, on 
the other hand, is contributed by the Mach wave radiation. As the jet temperature increases, the screech 
intensity is largely reduced and the Mach wave radiation becomes much more prominent and its peak 
radiation direction moves upstream. In addition, the variation of the noise intensity on the upstream side 
of the peak radiation angle becomes steeper as the jet temperature increases. On the other hand, the 
variation on the downstream side changes less with the jet temperature. The peak angles at r = 100D are 
152.8o, 138.9o, and 129.6o at the jet temperature ratio TTR =  1.0, 2.0 and 3.0, respectively. The peak 
angles computed from Oertel Mach wave number  (Refs [41][44]) at these jet temperatures are 152.9o, 
138.4o, and 133.3o, and Tam’s vortex sheet model [31] predicts 140.7o, 132.5o and 129.7o. It can be seen 
that the peak angles of the first two jet temperatures agree very well with predictions computed from 
Oertel Mach wave number , but the peak angle of the heated jet at TTR = 3.0 has a better agreement 
with Tam’s vortex sheet model. Furthermore, it is worth noting that the peak radiation angle changes with 
the far-field distance if the observation point is not sufficiently far from the jet plume, as can be seen in 
Figure 12. Since the far-field angle is defined as the angle of the line connected the nozzle exit center and 
the observation point, the radiation angle will vary with the observer’s distance if the distance between 
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the noise source and the nozzle exit center is comparable to the observer’s distance. It can be seen that 
peak radiation angles initially decrease with the radius and then reach saturated values when the distance 
is sufficiently large. For example, the peak radiation angle associated with Mach wave radiation is 
roughly 160o at r = 30D, 154o at r = 50D and 152.8o at r = 100D. The peak radiation angle at r = 100D 
appears to be very close to the saturated value based on this figure.  
 
Figure 13 shows far-field SPL distributions of both shock-containing and shock-free jets at the cold and a 
heated jet conditions. It can be seen that increasing the jet temperature reduces the overall impact of shock 
cells on the total noise, which is similar to the trend we have observed in underexpanded cases in Ref. 
[18]. In addition, as the jet temperature increases from TTR = 1.0 to TTR = 2.0, the intensity of the 
fundamental screech tone is greatly reduced and all screech higher harmonics disappear. In addition, the 
screech intensity in the cold jet decreases from upstream to downstream direction as we have observed in 
Figure 9, but it regains some strength at the large downstream angle around 160o. However, this 
downstream screech intensity is not obvious in the OASPL contours shown in Figure 10. 

B. Frequency and Wavenumber Analysis 
Frequency-wavenumber Fourier analysis is employed to compute the wave characteristics of pressure 
waves in the near field along the conical surface shown in Figure 2(a). Pressure waves along the conical 
surface are transformed into the frequency-wavenumber space as shown in Figure 14. Since the conical 
surface used here is 9.5o to the jet axis, the upstream direction is upstream of 80.5o, rather than 90o. The 
number of bins in the frequency direction is 4096 and 512 in the wavenumber direction. There are actual 
271 points along the conical surface, and those points are placed in the middle region of 512 bins and zero 
padding is applied to the remaining portion. In addition, a window function based on hyperbolic tangent 
functions is applied to the two ends of the data on the conical surface to reduce the spectral leakage. 
Azimuthal averaging is used to further smooth the data. In each figure, the dash lines are the propagation 
paths where pressure waves travel at the ambient sound speed, and thus the supersonic phase speed region 
(in reference to the ambient sound speed) is between these dash lines. The phase speed is defined as 
2𝜋𝑓/𝑘, where 𝑓 is the frequency and k is the wavenumber along the direction of 9.5o to the jet axis. It can 
be seen that the dominant portion of the pressure wave intensity on the conical surface is in the supersonic 
phase speed region. However, a small subsonic phase speed region is observed near the origin of 
coordinates. It indicates that the current FW-H surface is not completely free from the subsonic traveling 
waves. But this subsonic portion is small and is limited to very large scales at low frequencies. 
 
The screech tones are more visible in the frequency and wavenumber space. In the cold overexpanded jet, 
the fundamental screech tone has its signature in both upstream and downstream directions and even in 
the subsonic propagating region. The second harmonic tone is found near the frequency axis, indicating 
that this screech harmonic tone has a large phase velocity and its radiation direction should be close to the 
sideline direction. This is what we have observed in Figure 10. In addition, the third harmonic tone is 
found in both upstream and downstream directions. A higher harmonic is also observed in Figure 14(a) but 
its intensity is much weaker. The shock-associated broadband component in the upstream direction is in a 
lower frequency range than that in the downstream direction. Increasing the jet temperature reduces 
screech activities and also the upstream intensities, but it greatly increases the downstream propagation 
intensities, as shown in the high-intensity narrow beams near the dash line. These high-intensity narrow 
beams should be associated with the Mach wave radiation. As the jet temperature increases, the high-
intensity narrow beam broadens and its center moves to a higher phase velocity region. Pressure waves 
along the lip line are also transformed into the frequency-wavenumber space, as shown in Figure 15. But 
no azimuthal averaging is used in these figures, so contours do not look as smooth as those shown in 
Figure 14. The downstream propagating waves clearly dominate pressure waves along the lip line. In 
addition, high frequency activities are found much more in the downstream direction than in the upstream 
direction, and the upstream intensity is concentrated mainly in high-intensity harmonic tones. The 
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supersonic portion (referred to the ambient sound speed) in the cold jets is only a small portion of the total 
energy, but the radiating portion increases with the jet temperature.  
 
Figure 16 shows the overall pressure intensity versus the acoustic Mach number 𝑀!  along both the conical 
surface and the lip line. The acoustic Mach number 𝑀! is the ratio between the phase velocity (or also 
referred as the convection velocity) 𝑈! and the ambient sound speed 𝑎!"#. The total pressure wave 
energy inside a given range of [𝑀! − !

!∆𝑀!, 𝑀! + !
!∆𝑀!] is first computed. The pressure intensity at 𝑀! 

is then computed by divided that total wave energy with ∆𝑀!. In this paper, ∆𝑀! = 0.05  is used. It 
should be mentioned that the acoustic Mach number 𝑀! shown in Figure 16(a) is in reference to the 
direction of 9.5o to the jet axis. It would be slightly different from its counterpart in the jet axis direction. 
If the phase velocity is supersonic, the axial counterpart can be computed as 
1 cos  (𝜋 − 𝑐𝑜𝑠!! 1 𝑀! − 9.5!) by using the wavy wall analogy. It can be seen that most of the energy 
is in the supersonic propagation region along the conical surface, but there is a small portion falling into 
the subsonic propagation region as we have observed in Figure 14. The percentage of the supersonic 
portion to the total energy on the conical surface is 0.73, 0.94 and 0.96 at TTR = 1.0, 2.0 and 3.0, 
respectively, but it is 0.16, 0.41 and 0.56 on the lip line. The subsonic portion in the cold jet on the 
conical surface is not negligible, but as we have observed in Figure 14, the subsonic portion is found 
mainly in very large scales at low frequencies. In addition, the supersonic peak level shown in Figure 16(a) 
increases substantially when the temperature is increased from TTR = 1.0 to 𝑇𝑇𝑅 = 2.0,  but the increase 
slows down as the jet temperature further increases. On the other hand, the peak along the lip line is less 
sensitive to the change of the temperature and it decreases slightly as the jet temperature increases in the 
overexpanded jets. However, peak intensities along the lip line in shock-free jets remain almost the same. 
This indicates that the small reduction of the lip-line peak intensities in overexpanded jets probably is 
caused by the reduction of the downstream screech intensity. A similar trend is found in the overall 
fluctuation energy that the supersonic portion increases substantially with the jet temperature, but the 
change of the subsonic portion is very small. It appears that the increase of the pressure wave energy due 
to the increase of the jet temperature mainly goes into the supersonic portion. Furthermore, the peak 
acoustic Mach numbers along the lip line are around 0.80, 0.87 and 1.0 at 𝑇𝑇𝑅 =  1.0, 2.0 and 3.0, 
respectively. It can be seen that along the lip line, only the jet at 𝑇𝑇𝑅   =   3.0 has a peak phase velocity 
comparable to the ambient sound speed. In addition, the profile near the peak location broadens and 
extends further into supersonic phase velocity region, which produces a long supersonic tail. This long 
supersonic tail is also observed in wavenumber spectra associated with nonlinear wave interaction in Ref. 
[51]. Peak radiation angles computed from the peak phase velocities shown in Figure 16(a) are 152.8o, 
141.0o and 128.3o at 𝑇𝑇𝑅 =  1.0, 2.0 and 3.0, respectively. These numbers agree well with the peak 
radiation angles shown in the far-field OASPL distributions in both Figure 10 and Figure 11. This shows 
that pressure intensities around peak levels shown in Figure 16(a) is associated with the Mach wave 
radiation. 
 
To examine the radiation direction of pressure waves traveling on the conical surface, the data shown in 
Figure 14(a) and Figure 14(c) are transformed into the coordinate system of the frequency and radiation 
angle using the wavy wall analogy. The results are shown in Figure 17, and Figure 18 shows the far-field 
SPL contours at r = 100D. It can be seen that there is a strong similarity between the near- and far-field 
peak radiation directions, for example, the radiation direction of the fundamental screech tone and its 
harmonics, the broadband shock-associated peak direction and the peak direction of the mixing 
component. However, there are some differences in the relative magnitudes, for example, the difference 
in the rapid increase of the shock-associated broadband frequency between 120o and 130o, where this 
rapid increase in the far-field distribution is more visible than that in the near-field distribution. In 
addition, there are also some differences in the middle- to high-frequency ranges near the peak radiation 
angle around the peak radiation direction. The difference can be seen more clearly in Figure 19(a), where 
both the near- and far-field results at the 90o and 150o are shown. To have a clearer comparison, an offset 
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is added to the near-field results to match the far-field peak level at 150o. It can be seen that the far-field 
results at these two locations present typical large-scale and fine-scale spectra [58], but the near-field 
profiles show a much weaker high-frequency component in both radiation directions. If we examine the 
source terms in the FW-H integration equation [49], we can see that the source terms are not only 
associated with the near-field fluctuations of pressure and velocities, but more importantly they depend on 
their time derivatives. The following are the magnitude of the dipole source associated with the near-field 
pressure: 
 

                                                  𝑝 𝑆𝑡, 𝑥   𝑐𝑜𝑠(𝛼)/𝑟! 1 + !!"#  !!
!!"#

     !
!

!
,                                              (1) 

 
where 𝛼 is the angle between the surface normal and the radiation direction, r is the distance between the 
source and the observer’s locations, and 𝑝 𝑆𝑡, 𝑥  is the near-field pressure on the integral surface. The 
presence of the frequency itself in the source magnitude is introduced by the Fourier transformation of the 
time derivative terms in the dipole source terms. It can be seen that the source term weights more on high 
frequencies as the far-field distance increases. Pressure waves initially decrease at a faster rate of 𝑟!!,  but 
the decay rate is reduced to 𝑟!! when !

!
≫ !!"#

!!"#  !!
. In addition, high frequencies will reach the decay rate 

of 𝑟!! sooner. For example, the required distance to reach the decay rate of 𝑟!! in the cold jets would be 
𝑟 ≫ 0.13𝐷 at St = 1.0 but 𝑟 ≫ 1.3𝐷 at St = 0.1. In addition, the monopole source term is also a time 
derivative associated with the surface normal flux. It is clear that time derivatives of the near-field 
pressure and velocity fluctuations, rather than the fluctuations themselves, are more important to the far-
field noise intensity. Thus far-field noise profiles will present higher levels of high frequencies than that 
in the near field, and this is what we have observed in Figure 19(a). This also explains why the rapid 
increase of the shock-associated broadband frequency between 120o and 130o in the far field is much 
larger than that in the near-field distribution. We have found in Ref. [18] that the location of this rapid 
increase has the maximum level of the shock-associated broadband noise in jets at an underexpanded 
condition. It is clear that this rapid increase of the shock-associated broadband frequency shown in Figure 
18 is responsible for the small peak shown between 120o and 130o in the far-field noise contours in Figure 
10(a). Furthermore, the intensity at the screech frequency in the near field is compared with that in the far 
field as shown in Figure 19(b). It can be seen that the near- and far-field trend is very similar. The screech 
intensity is high at radiation angles close to the jet axis in both upstream and downstream direction, but 
the weakest intensity is found between 100o to 140o. In addition, the downstream propagating screech 
tone has a lower intensity than that in the upstream direction.  
 
 Since the conical surface is located close to the jet plume, the distribution of the pressure wave intensity 
on that surface can provide some insights on the strength of the noise source in the jet plume. Figure 20 
shows intensities of pressure waves propagating upstream of 80.5o and intensities of the downstream 
propagating waves associated with Mach wave radiation on the conical surface. The total intensities are 
also presented. The downstream propagating waves are between 143o and 162o in the cold jet, between 
128o and 150o in the heated jet of 𝑇𝑇𝑅 = 2.0, and between 120o and 141o in the heated jet of 𝑇𝑇𝑅 = 3.0, 
respectively. The peak radiation angles shown in Figure 10 are 152.8o, 138.9o, and 129.6o at these three jet 
temperatures. It can be seen that these ranges are large enough to include the dominant portion of the 
Mach wave radiation. As a whole, the dominant intensity of the upstream propagation waves propagating 
on the conical surface resides upstream of 10D at all three jet temperatures. The peak total intensity and 
the peak upstream propagating intensity in the cold jet is found near the nozzle exit because of the large 
contribution from the screech tone. In addition, the intensity associated with Mach wave radiation reaches 
a substantial level at x = 5D. In the two heated jets, however, both the total peak intensity and the 
intensity contributed by the Mach wave radiation reach substantial levels at x = 2D~3D, and this location 
appears to move closer to the nozzle exit as the jet temperature increases.  
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Since the surface radius of the conical surface varies in the axial direction, the pressure wave intensity on 
the conical surface is impacted by the surface radius variation. Thus, the pressure wave intensity itself is 
not sufficient to measure the relative source strength. Figure 21 shows the radial profiles of 20𝐿𝑜𝑔!"(

!!

!!"#
∙

!
!
) at multiple axial locations. It can be seen that the conical surface is located in the region where the 

pressure intensity 𝑝!decays at 𝑟!!. Thus, it would be expected that the production of 𝑝! ∙ 𝑟 on the conical 
surface dictates the far-field noise strength. Figure 22 shows the axial distributions of 20𝐿𝑜𝑔!"(

!!

!!"#
∙ !
!
) on 

the conical surface. It can be seen that a substantial level associated with the Mach wave radiation extends 
to a large axial distance in all three jets. In the cold jet, the production 𝑝! ∙ 𝑟  associated with Mach wave 
radiation presents a substantial level at x = 5D, but it gradually increases further downstream and reaches 
a broad peak level near x = 20D. On the other hand, the peak level of the production 𝑝! ∙ 𝑟 is found near 
the end of the jet core in these two heated jets. The peak level contributed by upstream propagating waves 
is also found near the end of the jet core in these two heated jets, but upstream peaks are more 
conspicuous than those associated with the Mach wave radiation. To visually examine noise source 
distributions, pressure waves associated with Mach wave radiation are extracted from the pressure 
fluctuations in the jet plume. The results are shown in Figure 23, where pressure fluctuations that include 
contributions from all frequencies and wavenumbers are also presented for comparison. It can be seen that 
the similarity of these two types of distributions increases as the jet temperature increases, because the 
Mach wave radiation becomes a more important mechanism in the noise generation in heated jets. It can 
be also seen that Mach wave radiation is closely related to instability waves originated in the shear layer. 
It appears that smaller scales near the nozzle exit in the shear layer produce Mach wave radiation with 
small wavelengths, but large scales in more downstream locations produce Mach wave radiation with 
larger wavelengths.  
 
Figure 24 shows the near-field frequency dependences of the peak phase velocity, the corresponding 
radiation angle and the peak intensities. The peak intensity at a given frequency is the intensity of the 
wavenumber that has the maximum intensity at that frequency. The peak phase velocity at that frequency 
is the phase velocity of the wavenumber that has the maximum intensity. The Pressure waves propagating 
between 80.5o and 170.5o are presented, and the phase velocity is the axial wave speed. It should be 
mentioned that since the radiation direction is computed from the phase velocity based on the wavy wall 
analogy, the peak phase velocities of waves radiate at 90o could be infinite.  In the cold jet, the peak phase 
velocity initially increases with frequency and reaches the maximum value around St = 0.2, after which 
the peak phase velocity decreases with the frequency up to St ~ 2.5. The peak phase velocity is greater 
than 0.8Uj, and the maximum peak phase velocity near St = 0.2 is 0.95Uj. The peak intensity at the 
frequency near St = 0.2 radiates in the peak radiation direction, but the peak intensities at other 
frequencies radiate in slightly more downstream radiation directions. In the frequency range higher than 
St > 2.5, the peak phase velocity increases quickly and the radiation angel decreases from 165o to 120o. If 
we examine the near-field SPL contours of pressure waves in Figure 25, the contribution of Mach wave 
radiation, which is in the region where the acoustic Mach number is slightly greater than one, gradually 
disappears in the frequency range above St = 2.5. The frequency at the radiation angle of 120o is near the 
resolved frequency (St ~ 4.0) in the cold jet simulations. Thus, the radiation direction of higher 
frequencies where Mach wave radiation is not an important noise generation mechanism shift more 
upstream and extends to a large range of radiation directions. In addition, since the radiation direction in 
these distributions is from 80.5o to 170.5o, rather than from 90o to 180o, negative phase velocities are also 
observed and those negative values correspond to radiation direction upstream of 90o. The large 
magnitudes of the phase velocities at St = 0.61 are associated with the second screech harmonic tone 
radiating near 90o. In addition, the radiation direction of the peak screech intensity is observed near 160o, 
which is associated with the downstream propagating screech tone. It is worth noting that the peak phase 
velocity distribution in the cold jet, not including the impact of the screech harmonics, show a close 
resemblance to the convection velocity distribution of a supersonic jet at Mj = 2.1 presented in Ref. [42]. 
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The convection velocity in that paper was computed by using a vortex sheet model and the convection 
velocity distribution was found to agree well with measurement data. 
 
The near-field distributions of the heated jets are very different from the cold jet distributions. In these 
heated jets, the peak phase velocity ratio 𝑈! 𝑈! is lower than that of the cold jet and the maximum phase 
velocity is near 0.78𝑈!. The Strouhal number associated with the maximum phase velocity is much higher 
and is near St = 1.5. In addition, the dominance of the Mach wave radiation extends to a larger Strouhal 
number to St ~ 3.0. It should be mentioned that since the data were stored at an axial spatial resolution of 
0.1D on the conical surface, the normalized wave number that can be resolved by this spatial resolution is 
𝑘 ⋅ 𝐷 is  31. This wave number range may not be able to cover the entire frequency range that Mach wave 
radiation dominates. Thus, the dominance of Mach wave radiation may have extended to a Strouhal 
number larger than 3.0 in these heated jets, especially in the jet of TTR = 3.0. This can be seen in in Figure 
14. However, based on what we have obtained from the current heated jet simulations, it appears that the 
peak phase velocity distributions can be divided into three regions. The first region is in a very low-
frequency range below St = 0.1. Frequencies in this region radiate at very large downstream angles. The 
second region is roughly between St = 0.1~0.3, where the radiation direction is slightly downstream of 
the far-field peak radiation direction. The third region is between St  = 0.3~3.0, where the radiation 
direction is very close to the Mach wave radiation direction. It is clear that, Mach wave radiation is not 
limited to one frequency or one scale; rather, it is an integrated impact over a large frequency range in 
heated jets. Furthermore, large peak intensities are found in low frequency range around St  = 0.2 in both 
cold and heated jets. It is clear that in heated jets, the dominant waves in low frequency range radiate at 
directions slightly downstream of the peak radiation direction. This indicates that low frequencies that 
radiate in the peak radiation direction have larger wavelengths and lower intensities than those dominant 
low-frequency waves.  
 
Figure 26 shows the peak phase velocities along the lip line. It can be seen that distributions at these three 
jet temperatures show a similar trend that the peak phase velocity increases with the frequency, but the 
increase slows down above St = 0.3. The peak phase velocity in the cold jet is smaller than the ambient 
sound speed because hydrodynamic pressure waves dominate. Because the peak phase velocity is lower 
on the lip line, the resolved maximum wavenumber 𝑘 ⋅ 𝐷 = 31 covers even smaller frequency range than 
that on the conical surface. The resolved Strouhal number is up to St ~ 3.0 in the cold jet, as shown in 
Figure 15. Thus the peak frequency in the higher-frequency range is not presented in Figure 26. It can be 
seen that the peak phase velocity distribution along the lip line is very different from that on the near-field 
conical surface in the cold jet. This is because the lip line is dominated by hydrodynamic pressure waves 
but the conical surface is dominated by radiating pressure waves. On the other hand, the peak phase 
velocity distributions in the heated jets along the lip line are more similar to those shown on the conical 
surface. This is probably because the portion of the radiating pressure waves along the lip line increases 
with the jet temperature, and the correlation between the pressure fluctuations along the lip line and the 
radiating pressure waves in the near field is thus higher. 

C. Noise Characteristics in Azimuthal and Axial Space 
Figure 27 shows pressure fluctuation intensities of five azimuthal modes at three near-field locations on 
the conical surface in the overexpanded cold jet. It can be seen that the local low-frequency mixing peak 
at St ~ 0.2 at the location above the nozzle exit in Figure 27(a) is contributed by the axisymmetric mode m 
= 0. This axisymmetric mode is also the major contributor to the low-frequency peak of a downstream 
location at x = 20D as shown in Figure 27(c). This suggests that the frequency component around St = 0.2 
has a substantial intensity and it propagates in both upstream and downstream directions. On the other 
hand, the fundamental screech tone at St = 0.305 is mainly contributed by the mode of m = 1. This shows 
that the screech tone at the jet Mach number of 1.47 is in a helical mode, which is consistent with the 
result shown in Refs [9] and [29]. In addition, the screech tone also impacts other higher modes. The 
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second harmonic tone at St = 0.61 is largely contributed by two azimuthal modes, m = 0 and m = 2, and 
this can be seen very clearly at its peak location of x = 7D, as shown in Figure 27(b). In addition, the mode 
m = 1 is the major contributor to low frequencies below St = 0.1 at the location where the screech 
intensity is high, whereas the mode m = 0 is the major contributor to low frequencies at the location 
where the screech intensity is much weaker. Figure 28 shows the dependence of the overall pressure wave 
intensities on the acoustic Mach number and also on the radiation direction for the first four azimuthal 
modes in the cold overexpanded jet. The data are taken from the conical surface. Only pressure waves 
propagating downstream of 80.5o are included in the study of the dependence on the acoustic Mach 
number. The magnitudes of higher modes are small, so they are not shown in these plots. Since this 
analysis is conducted along the conical surface, the computed phase velocity is infinite at 80.5o, so the 
information near 80.5o is not presented in Figure 28(b). The oscillations shown in the direction close to 
80.5o are probably associated with the choice of the resolution of the acoustic Mach number in these 
calculations. It can be seen that the downstream overall peak intensity is dominated by the axisymmetric 
mode. Since the downstream overall peak intensity is dominated by the Mach wave radiation, it is clear 
that Mach wave radiation is dominated by the axisymmetric mode. The far upstream direction, however, 
is dominated by the helical mode because of the strong presence of the screech tone. On the other hand, 
the mode dependence is much less in the direction around the sideline between 70o and 110o. It can be 
also seen that the radiation directions of higher modes are much less directional. 
 
Figure 29 shows the axial dependence of azimuthal intensities on the conical surface in the cold jets. In the 
shock-free jet, the azimuthal intensities of the production 𝑝!! ∙ 𝑟  (m is the azimuthal mode number) grow 
at a similar rate in the axial direction before they reach their peak levels. Higher modes reach their peak 
levels earlier, and thus their peak levels are lower and the peak levels occur more upstream. The mode m 
= 2 has a broad peak centered on x = 10D, and the mode m = 1 also has a broad peak which extends from 
x = 10D to almost x = 15D. The axisymmetric mode reaches the peak level at a further downstream 
location near x = 14D. When shock cells are present and high screech tones are observed, large 
differences are found in the azimuthal intensity distributions. In the overexpanded cold jet the mode m = 1 
completely dominates the region near the nozzle exit and it contains more than 95% spectral energy in 
that area. On the other hand, mode m = 0 and m = 2 peak near x = 7D, and this peak is caused by the 
second screech harmonic tone, as shown in Figure 27. In addition, the axisymmetric mode dominates the 
noise intensities downstream of x = 10D in both the overexpanded and shock-free jets, but the ratio 
between its intensity to the total intensity is lower in the overexpanded cold jet. Figure 30 shows the 
impact of shock cells and the heating effect on the azimuthal modes. It can be seen that shock cells 
increase the pressure wave intensities in azimuthal modes upstream of x = 10D, and the screech tone and 
its harmonics have greatly amplified this increase. It is clear that the most elevated mode is m = 1 except 
at the location where the second harmonic tone dominates. Increasing the jet temperature reduces the 
screech intensity, but it increases the pressure wave intensity over a large range of modes upstream of x = 
5D. Further downstream, the major impact of the heating effect is found in the first two modes.  

D. Noise Sources of Screech Tones  

Figure 31 shows the instantaneous pressure fluctuations and also the wave intensities at both the screech 
and the second screech harmonic frequencies. The upstream propagating pressure fluctuations are also 
included. It can be seen that large pressure fluctuations bulbs are found in the region roughly from x = 4D 
to 10D. It is clear that those high-intensity pressure waves are in a helical mode. The dominant upstream 
propagating waves reside in the region upstream of roughly 10D. The origin of the second screech 
harmonic tone appears to be around x = 9D on the jet axis, but the intensity contours show that the region 
between x = 6D and 9D have significant contribution to the generation of this screech harmonic tone. It 
can be also seen that the radiation direction of this second harmonic tone is slightly upstream. The 
intensity contours at the fundamental screech frequency show a highly oscillating pattern and this 
oscillating wave pattern was referred as standing waves in Refs [22] and [28]. The partial interference 
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between upstream propagating and downstream propagating waves was considered as the cause of those 
standing waves as suggested in Ref. [28]. The intensity of the interaction between two waves at the same 
frequency but traveling at an opposite direction at wavenumbers k1 and k2 can be described in the 
following equation:  

                   𝐴 𝑥 𝑒! !!! + 𝐵 𝑥 𝑒! !!!!   = 𝐴(𝑥)! + 𝐵 𝑥 ! + 2𝐴 𝑥 𝐵 𝑥 𝑐𝑜𝑠[ 𝑘! + 𝑘! 𝑥]         (2) 

A similar formulation can also be found Ref. [28]. It can be seen that if the ratio between these two wave 
intensities 𝑨(𝒙)/𝑩(𝒙) is not small, assuming 𝑨 𝒙 ≥ 𝑩 𝒙 , the third term in Eq. (2) will be visible and 
an oscillating pattern is expected to appear. This is what we have observed in the screech intensity 
distribution shown in Figure 31(c). The screech intensity is separated into the upstream and downstream 
propagating portions as shown in Figure 32, and the lip-line results are plotted in Figure 33. It can be seen 
that the oscillating pattern is observed upstream of x = 10D. The upstream propagating intensity is very 
small downstream of this location, so the oscillating pattern is not visible. The downstream propagating 
waves have a broad peak level extending from x = 3D to 7D, but the upstream peak level is found around 
x = 6D, which is near the 6th shock-cell tip, as shown in Figure 34. It is clear that the upstream propagating 
intensity dominates the total peak intensity, and the axial locations of the local peak intensities are found 
near the axial locations of shock-cell tips. This is consistent with experimental observations and 
speculations that shock-cell tips are important noise sources [9].   

 
The peak acoustic Mach number and the peak length scale at the screech frequency are examined in 
Figure 35. The maximum upstream propagating intensity is found below the lip line at 0.3D above the jet 
axis, but the maximum downstream intensity is found near the lip line. Both the dominant upstream and 
downstream propagating waves travel at a similar acoustic Mach number of 𝑀!~0.84  in the jet plume, 
and this phase velocity is roughly 0.69Uj. The peak phase velocity increases in the radial direction and 
reaches a value slightly larger than the ambient sound speed. The peak length scales are also similar in 
both upstream and downstream directions. In the jet plume, they are roughly 2.2D, which is 1.76 times 
the largest shock-cell size. Outside the jet plume they increase to a value near 2.9D, which should be the 
dominant length scale of the screech tone. This is can be also seen in Figure 31(c) where the length scale 
of the oscillating pattern in the jet plume is indeed smaller than that outside the jet plume. In addition, it 
can be seen that the upstream propagating screech tone spreads over a large range of wavenumbers, but 
downstream propagating screech tone is observed in a much smaller wavenumber range. This shows that 
the upstream propagating screech tones should be more visible than the downstream propagating screech 
tones. Furthermore, downstream of x = 4D, the standing wave fronts extend outside the jet plume, but 
upstream of x = 4D, the standing waves in the jet plume are different from those outside. It appears that 
standing waves outside the jet plume near the nozzle exit are originated from the region downstream of x 
= 4D.  
 
The shock-cell coherent oscillatory motion was observed in several measurements of highly screeching 
jets, such as those reported in Refs [23]-[25]. The shock-cell coherent oscillatory motion was considered 
important to the screech tone generation [23]. Instantaneous pressure fluctuations show that downstream 
shock cells move up and down and also rotate. Shock cells show distinctively different orientations near 
the upper/lower lip lines and the jet axis.  Figure 36 shows three instantaneous shock-cell oscillation 
patterns to highlight the three phases of shock-cell oscillations, which are very visible in the 4th, 5th and 6th 
shock cells. It can be seen that the downstream shock cells tilt towards downstream when they move to 
the upper half of the jet core and tilt towards upstream when they move to the lower half. On the other 
hand, shock cells show the least rotation when they are near the jet axis. A very similar pattern has also 
been observed in an underexpanded screeching jet of Mj = 1.4 in Ref. [24], where the time-averaged and 
phase-averaged data were obtained by a narrow laser beam traversed from point to point in the flow field 
and the appearance of the scattered light was sensed by a photomultiplier tube. It was observed in Figure 
9 of that paper that the upper half of the shock conical boundary is absent when the lower half is the 
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strongest, while the lower half is absent when the upper half is the strongest. This observation clearly 
agrees with the shock-cell oscillation patterns shown in Figure 36. The shock conical boundary reported in 
Ref. [24] also shows a similar alignment to the jet axis as the shock alignment shown in Figure 36. Further 
examination of instantaneous pressure fluctuations shows that shock cells rotate in a counterclockwise 
direction when they move down near the lower lip line and interact with passing pressure waves. When 
they move up, they rotate in a clockwise direction and also interact with pressure waves near the lip line 
before they move back to the jet axis. They continue to move up near the upper lip line and interact with 
pressure waves there. Afterwards, they move down again and rotate in a counterclockwise direction until 
they reach the lower lip line. This process repeats itself, and neighboring shock cells are found move and 
rotate in an opposite direction. It is clear that the shock-cell coherent oscillatory motion, especially the 
shock-cell rotation, is caused by the upstream and downstream propagating waves. The downstream 
propagating waves should be initiated from the shear layer near the nozzle exit. When instability waves 
interact with shock cells, shock cells oscillate and in turn generate additional upstream and downstream 
propagating waves, which can cause more shock-cell oscillation motion. The increased shock-cell 
oscillations can generate even stronger upstream and downstream propagating waves until the process 
reaches to the fully developed status. To examine how pressure waves are generated by the interaction 
between shock cells and passing waves, a smaller range of intensity contours is used and shown in Figure 
37. It can be seen that high-intensity waves are generated when two neighboring shock cells rotate at an 
opposite direction and appear to “collide” with each other. Similar patterns have also been observed in 
measurements of Ref. [25]. This collision is the interaction between waves generated by two neighboring 
shock cells interacting with passing waves. If we examine locations of those high-intensity pressure 
waves in Figure 34 and Figure 37, it can be seen that they are located between two compression waves and 
are near the shock-cell tips. It is clear that those high-intensity pressure waves are responsible for the peak 
intensities located near shock-cell tips at the screech frequency. Thus, the upstream/downstream 
propagating waves and the induced shock-cell coherent oscillatory motion reinforce each other and form a 
reinforcing loop in this highly screeching jet.  
 
The magnitude of shock-cell oscillations can be observed in Figure 38, where turbulence intensities at the 
screech frequency are presented. High-intensity coherent turbulence structures of axial velocity 
fluctuations are found near the lip line region between x = 4D to 9D. The radial and the tangential 
velocities show large coherent fluctuations along the jet axis, and they are in phase with each other. 
However, the radial intensity is much larger than the tangential intensity. Since shock cells have both 
radial and tangential velocities, it is very likely that shock cells oscillate in a helical mode similar to that 
of the screech tone. In addition, the radial intensity also presents a coherent structure near the lip line and 
this radial intensity along the lip line is found in phase with the lip-line pressure intensity, as shown in 
Figure 38(d). But they are out of phase with the axial turbulence intensities by roughly 90o. It is worth 
noting that lines connecting the peak radial intensities at the jet axis and the peak radial intensities along 
the lip line are very close to the directions of the shock-cell alignment when they reach lip lines as shown 
in Figure 36. The rotation motion of shock cells appears to be coupled with a small radial motion near lip 
lines. The largest cross-sectional velocity fluctuation intensity, however, is found near the jet axis. 
Furthermore, it should be mentioned that the current turbulence intensity distributions show a strong 
similarity to those observed in the measurement of a screeching axisymmetric jet in the helical C mode 
[32], where Proper orthogonal decomposition (POD) method was used to separate the coherent structure 
from the random axial stresses.    
 
When the jet temperature ratio is increased to 𝑇𝑇𝑅 = 2, the level of Mach wave radiation intensity is 
increased, and the source region of the Mach wave radiation at the screech frequency extends further 
upstream than that in the cold jet as shown in Figure 39. In addition, the turbulence fluctuation intensities 
at the screech frequency in this heated jet are shown in Figure 40. It can be seen that the shock-cell 
oscillation magnitude is substantially reduced and the largest reduction is found in the radial component. 
The turbulence intensities near the lip-line region also show less coherent patterns. However, the structure 
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of the radial and tangential intensities at the jet axis still remains coherent. As pointed out in Ref. [21] that 
since screech tones are powered by the instability waves, the naturally occurring tones must be associated 
with highly amplified band of instability waves. It was shown in that paper that the increase of the jet 
temperature increases the difference between screech frequencies and the frequencies of the most 
amplified instability waves. It was argued in that paper that the energy of the instability waves at the 
screech frequency would be too low to generate high-intensity screech tones in hot jets. The current LES 
results in Figure 8 also show that the difference between these two frequencies increases slightly as the jet 
temperature increases. But the peak intensity at the screech Strouhal number of St = 0.26 in the heated jet 
of 𝑇𝑇𝑅 = 2 is still substantial comparing to the maximum peak intensity, as shown in Figure 24. It was 
also shown in that paper that the frequency difference between screech tones and the most amplified 
instability frequency decreases as the jet Mach number increases, and thus, it would be expected that the 
screech intensity be higher if the jet Mach number is larger. But this conclusion does not align with the 
observation that screech intensities are often higher in overexpanded jets than in underexpanded jets [54]. 
Thus, it appears that the frequency match between screech tones and the most amplified instability waves 
may not be the only factor that is important to the screech generation. As we have discussed in the 
previous text that in the highly screeching overexpanded cold jet, the upstream and downstream 
propagating waves and the induced shock-cell coherent oscillatory motion are in a reinforcing loop. To 
sustain this coherent opposite rotation of neighboring shock cells, dominant upstream and downstream 
propagating waves should travel at a similar phase velocity. Thus, the match of the peak upstream and 
downstream propagating phase velocities appears to be another important factor to the generation of the 
screech tone.  Figure 41 shows the lip-line intensities of upstream and downstream propagating waves 
versus the phase velocities in both the cold overexpanded and shock-free jets and also the heated 
overexpanded jet at TTR = 2.0. It can be seen that only the highly screeching jet has a similar upstream 
and downstream propagating peak phase velocities. In the heated jet, the downstream peak phase velocity 
increases, but the upstream peak phase velocity remains almost the same. On the other hand, the shock-
free cold jet does not present a clearly defined peak upstream phase velocity at all. This indicates that 
shock cells are the major source responsible for the dominant upstream propagating waves in these shock-
containing jets. Thus, it is not a surprise that the heating effect on the peak upstream propagating phase 
velocity is small, because the heating effect on the shock-cell structure is small as shown in Figure 3 and 
Figure 4. The increased phase velocity of downstream propagating waves in heated jets is because 
instability waves travel at larger convection velocities as the temperature increases. The increased 
difference between the upstream and downstream peak phase velocities would weaken the reinforcing 
loop between upstream/downstream propagating waves and the shock-cell oscillatory motion. Thus, this 
makes the simultaneous opposite rotation of neighboring shock cells less frequently. This would weaken 
the generation of the high-intensity pressure waves at the screech frequency. Figure 42 shows similar 
distributions of underexpanded jets reported in Ref. [18]. It can be seen that there is a visible difference 
between upstream and downstream peak phase velocities even in the cold underexpanded jet. This 
explains why the screech intensity is weaker in the underexpanded cold jet. In addition, it can be seen that 
the magnitude of the phase velocity difference varies less with the jet temperature in underexpanded jets 
because the difference between upstream and downstream peak phase velocities changes sign from the 
cold jet to the heated jet at TTR = 2.0. This may further explain why the heating effect has less impact on 
the screech intensity in these underexpanded jets. It can be seen that if the high-intensity pressure waves 
at the screech frequency are weakened, the induced shock-cell oscillatory motion should also be reduced, 
and this is what we have observed in Figure 40. The phase velocity match between upstream and 
downstream propagating waves is important to the generation of the screech tone may also explain why 
the upstream reflection can increase the screech intensity. This is because the downstream propagating 
waves generated by the reflection of the upstream propagating waves will reduce the difference between 
the upstream and downstream propagating peak phase velocities and thus increase the shock-cell coherent 
oscillatory motion and the screech intensity.   
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IV.   CONCLUSIONS 

The noise characteristics in overexpanded jets have been investigated by analyzing LES results generated 
by an unsteady compressible flow solver embedded in JENRE. Three jet temperatures are considered. The 
overexpanded cold jet is highly screeching, and the fundamental screech tone is in a helical C mode. The 
impact of the high-intensity screech tone is similar to those observed in the past. For example, it shortens 
the jet core length, increases the turbulence level and perturbs the low-frequency component. The screech 
tone is found to propagate in both upstream and downstream directions and the radiation direction of the 
peak screech intensity is found slightly above the jet axis. The weakest screech intensity, on the other 
hand, is found downstream of the sideline direction between 100o to 140o. Increasing the jet temperature 
reduces the screech intensity and eliminates higher screech harmonics at this overexpanded jet condition. 
However, the screech intensity is not sensitive to the heating effect in mildly screeching underexpanded 
jets in our previous work [18].  
 
Increasing the jet temperature has greatly increased Mach wave radiation, which dominates the noise 
generation in the two heated jets. The peak noise level moves upstream as the jet temperature increases. 
The noise intensity of Mach wave radiation is found in a large axial range in the near field, and a small 
peak level is observed near the end of the jet core in the two heated jets. The extracted instantaneous 
fields associated with Mach wave radiation clearly demonstrate that that instability waves originated in 
the shear layer are the source of Mach wave radiation. As the jet temperature increases, the intensity of 
hydrodynamic pressure fluctuations remains similar, but the radiating intensity increases substantially. 
The near-field peak phase velocity profile in the cold jet is very different from those in heated jets. The 
maximum peak phase velocity ratio 𝑈! 𝑈!   is located at a low frequency near St = 0.2 in the cold jet, but it 
is located at a much higher frequency in heated jets. In addition, the peak phase velocity ratio 𝑈! 𝑈!   has a 
larger magnitude in the cold jet. The profile of the peak radiation direction in the cold jet presents two 
distinctively different frequency ranges, one is dominated by Mach wave radiation, and another is in a 
higher-frequency range where Mach wave radiation does not dominate. In the first frequency range, the 
peak directions are located mainly in large downstream directions. In the second frequency range, the 
peak radiation direction has a broader range of radiation angles and moves towards the sideline direction 
as the frequency increases. In the cold jet, the peak radiation direction near St = 0.2 is found align with the 
far-field peak radiation direction. In the two heated jets, peak frequencies radiating at the far-field peak 
radiation direction extends to a much larger frequency range between St ~ 0.3 - 3.0. The high end of this 
range is based on the current spatial resolution of the data stored on the conical surface. It is possible that 
this high end is higher than those given in simulations. In addition, the higher frequency range (the second 
frequency range) where the Mach wave radiation does not dominate should be in an even higher 
frequency range, which is not presented in the current results of the heated jets. 
 
The azimuthal dependence of the pressure wave intensities in the near field is also examined. The mixing 
peak levels are mainly contributed by the axisymmetric mode, but the fundamental screech tone is 
contributed by the mode m = 1. The second screech harmonic, on the other hand, has contributions from 
two azimuthal modes: m = 0 and m = 2. The mode m = 1 (screech tone) contains around 95% pressure 
wave energy near the nozzle exit, but the downstream is dominated by the axisymmetric mode. In 
addition, the peak radiation direction, or say Mach wave radiation, is dominated by the axisymmetric 
mode. However, the radiation direction around the sideline shows a much weaker azimuthal dependence. 
Increasing the jet temperature reduces the contribution from the mode m = 1 (screech intensity), but it 
elevates pressure wave intensity in other modes upstream of x = 5D. Further downstream, however, the 
largest heating impact is found in the first two modes.  
 
The second screech harmonic tone appears to radiate at x = 9D in the instantaneous pressure fields in the 
highly screeching overexpanded cold jet. But the intensity distribution shows that its source region 
extends from x = 6D to 9D. The pressure intensity distribution at the screech frequency has a highly 
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oscillating pattern due to the interaction between upstream and downstream propagating waves. The axial 
locations of the local peak intensities are found near the axial locations of the shock-cell tips, and the 
maximum peak intensity is found near the 6th shock-cell tip. It is found that shock cells rotate in both 
clockwise and counterclockwise directions, and the neighboring shock cells are found rotate in an 
opposite direction simultaneously in the highly screeching overexpanded cold jet. High-intensity pressure 
waves are generated when neighboring shock cells are in a close proximity because of the opposite 
rotation. These high-intensity pressure waves are referred as standing waves in several literatures. It is 
found that the high-intensity pressure waves are responsible for the peak intensities observed near shock-
cell tips. The upstream/downstream propagating waves and the induced shock-cell coherent oscillatory 
motion reinforce each other and form a reinforcing loop. The match between the peak upstream 
propagating phase velocity and peak downstream propagating phase velocity should be important to the 
sustaining of the reinforcing loop and thus to the screech tone generation. This phase velocity match is 
only found in the highly screeching jet. The heated overexpanded jets and also underexpanded jets 
reported in [18] all show substantial differences between the peak phase velocities of upstream and 
downstream propagating waves. Thus, the mismatch between upstream and downstream peak phase 
velocities should be an important cause contributing to the screech intensity reduction in the heated 
overexpanded jets, and this may also explain why the screech tone is weaker in the underexpanded cold 
jet in our previous work. In addition, the importance of the phase velocity match between upstream and 
downstream propagating waves to the generation of the screech tone may also explain why the upstream 
reflection can increase the screech intensity. 
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Figure 1. Nozzle geometry. The figure on the right is an enlarged version of the area near the nozzle throat and the 
exit. 

 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  (a). Computational domain. The data on the outer conical surface are used for the far-field noise 
prediction and also in the frequency-wavenumber analysis. (b). Axial cell size distribution along the lip line.  
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Figure 3. Axial velocity distributions. (a). TTR = 1.0. (b). TTR = 2.0.  c). TTR = 3.0. 

 

  
Figure 4. Centerline axial velocity distributions. Solid lines: overexpanded jet. Dashed lines: shock-free jet. The 
plotted 𝑼 𝑼𝒋 is subtracted by 0.25*(TTR - 1) 
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Figure 5. Turbulence kinetic energy along both the centerline and the lip line in the overexpanded and the shock 
free jets. Solid lines: overexpanded jets. Dashed lines: shock-free jets. (a). TTR = 1.0. (b). TTR = 2.0.  c). TTR = 3.0. 
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Figure 6. Figures on the left are spectral distributions of the near field sound pressure levels (SPL) between LES 
predictions and measurement data. The axial and radial coordinates of the location are shown in each figure on the 
left. Figure on the right shows the overall sound pressure levels along the FW-H surface. 

 
 

  
 

Figure 7. SPL contours along FW-H integral surface. The Strouhal number is plotted in the logarithmic scale to 
highlight the low-frequency components. (a). The shock-free jet flow at the cold jet condition TTR = 1.0. (b). The 
overexpanded jet flow at TTR = 1.0. (c) The overexpanded jet flow at TTR = 2.0. 
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Figure 8.  SPL distributions at 1.5D above the nozzle exit on the FW-H surface in both the overexpanded and an 
underexpanded cold jets. Figures on the left:  overexpanded jet at Mj  = 1.47. Figures on the right: Underexpanded jet 
at Mj  = 1.56from Ref. [18]. Stp is the Strouhal number normalized by the peak Strouhal number. 
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Figure 9. Far field sound noise distributions. Figure on the left is SPL distributions in the overexpanded jet flow. 
The radiation angle is from upstream to downstream. The green lines are LES results and black lines are 
measurement data. Figure on the right is far-field OASPL distributions of both overexpanded and shock-free jet 
flows.  
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Figure 10. OASPL contours from the jet plume to a far-field distance of r = 100D. (a). TTR = 1.0. (b). TTR = 2.0.  c). 
TTR = 3.0. 
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Figure 11. Far-field overall sound pressure levels at r = 100D.  

 
 
 
 
 

 
Figure 12. OASPL contours from the jet plume to a far-field distance of r = 100D in the cold overexpanded jet.  
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Figure 13. Far field sound pressure level distributions at jet conditions of TTR = 1.0 (left) and TTR = 2.0 (right). 
Dark lines: shock-containing jets. Gray lines: shock-free jets. The angle is from upstream to downstream. 
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Figure 14. SPL distributions on the FW-H surface in the frequency-wavenumber space. “K” is the wavenumber. 
The left quadrant in each figure shows the upstream propagating waves and the right quadrant shows the 
downstream propagating waves. The dashed lines are the wave speed at the ambient sound speed. (a).  
Overexpanded jet of TTR = 1.0. (b). Shock-free jet of TTR = 1.0. (c). Overexpanded jet of TTR = 2.0. (d). 
Overexpanded jet of TTR = 3.0. 

 

 

 
Figure 15. SPL distributions along the lip line in the frequency-wavenumber space. “K” is the wavenumber. The 
left quadrant in each figure shows the upstream propagating waves and the right quadrant shows the downstream 
propagating waves. The dashed lines are the wave speed at the ambient sound speed. (a). Overexpanded jet of TTR = 
1.0. (b). Shock-free jet of TTR = 1.0. (c). Overexpanded jet of TTR = 2.0. (d). Overexpanded jet of TTR = 3.0. 
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Figure 16. Pressure intensity of downstream propagating waves. (a). Overexpanded jets along the conical surface. 
(b). Overexpanded jets along the lip line. (c). Shock-free jets along the lip line.  𝑴𝒂 is the acoustic Mach number 
𝑼𝒄

𝒂𝒂𝒎𝒃
, where 𝑼𝒄 is the phase velocity of pressures waves traveling on either the conical surface or the lip line. 𝒂𝒂𝒎𝒃 is 

the ambient sound speed. 

 

        
Figure 17. SPL distributions on the FW-H surface in the frequency-radiation angle space. (a).  Overexpanded jet of 
TTR = 1.0 (b). Overexpanded jet of TTR = 2.0. 

 
 

 
Figure 18. Far-field SPL distributions at r = 100D. (a).  Overexpanded jet of TTR = 1.0. (b). Overexpanded jet of 
TTR = 2.0. 
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Figure 19. Comparison of the near-field and far-field SPL distributions. (a). SPL distributions at both 90o and the 
peak radiation angle in the shock-free cold jet. The near-field SPL levels are modified to match the far-field peak 
level. (b). SPL distributions at the fundamental screech frequency at St = 0.305 in the cold overexpanded jet. Green 
lines are the near-field data in Figure 17(a), and the red lines are the far-field prediction at r = 100D in Figure 
18(a).  

 
 

       

Figure 20. Axial distributions of pressure wave intensity OASPL=𝟐𝟎𝑳𝒐𝒈𝟏𝟎(
𝒑!

𝒑𝒓𝒆𝒇
) of waves traveling on the FW-H 

surface. Downstream propagating waves associated with the Mach wave radiation and waves propagating upstream 
of 80.5o are also included. (a). TTR = 1.0. (b). TTR = 2.0.  c). TTR = 3.0. 

 

                                      

Figure 21.  Radial profiles of 𝟐𝟎𝑳𝒐𝒈𝟏𝟎(
𝒑!

𝒑𝒓𝒆𝒇
∙ 𝒓
𝑫
) at multiple axial locations. Incrementing values are added to each 

profile to separate the curves. The two cross lines in each figure are the location of the FW-H surface. (a). TTR = 
1.0. (b). TTR = 2.0.  c). TTR = 3.0. 
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Figure 22. Axial distributions of the intensity 𝟐𝟎𝑳𝒐𝒈𝟏𝟎(
𝒑!

𝒑𝒓𝒆𝒇
∙ 𝒓
𝑫
) of pressure waves traveling on the conical surface. 

Downstream propagating waves propagate around the Mach wave radiation direction and waves propagating 
upstream of 80.5o are included. (a). TTR = 1.0. (b). TTR = 2.0.  c). TTR = 3.0. 

 
 

               

               

               
Figure 23. Instantaneous pressure fluctuation distributions. Figures on the right are the pressure fluctuations. 
Figures on the left are pressure fluctuations associated with the Mach wave radiations shown in Figure 20. Top: 
TTR =1.0. Middle: TTR = 2.0. Bottom: TTR = 3.0. 
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Figure 24. The frequency dependence of the peak phase velocity (top row), peak radiation angles (middle row), and 
peak SPL (bottom row) on the conical surface. The black dash lines are the locations of the ambient sound speed in 
the phase velocity profiles. The gray dash lines in the radiation direction profiles are the far-field peak radiation 
angles.  

 

          
            
Figure 25. Wave intensity contours of pressure waves propagating downstream of 80.5o in the frequency and wave 
speed space. 𝑀! is the acoustic Mach number of the wave speed. 
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Figure 26. Frequency dependence of the peak convection velocities along the lip line. The dash lines are the 
location of the ambient sound speed. 

 
 

        
Figure 27. Pressure fluctuation intensities in azimuthal modes in the overexpanded cold jet. (a). At x = 1.5D above 
the nozzle exit. (b). At x = 7D and r = 2.7D. (c). At x = 20D and r = 4.8D. Five modes are shown in each figure, and 
the distribution of each mode is plotted against that of the total intensity, which is shown as the grey lines.  

 
 
 

(a) (b) (c) 

𝑇!
𝑇!"#

= 1.0 
𝑇!
𝑇!"#

= 2.0 
𝑇!
𝑇!"#

= 3.0 



 
 

34 

                                     
Figure 28.  Azimuthal properties of pressure waves on the conical surface in the cold overexpanded jet. Results of 
four azimuthal modes are shown. (a). Pressure wave intensity versus the acoustic Mach number. Only waves 
propagating downstream of 80.5o are included. (b). Pressure wave intensity versus the radiation direction. 

 

                                                           
Figure 29. Pressure wave intensities along the conical surface of three azimuthal modes in the cold jets. (a). 
Intensities of the production 𝒑𝒎! ∙ 𝒓 (m = 0, 1, 2). (b). The ratio between the pressure wave intensity in each mode 
and the total intensity. Solid lines are the results from the overexpanded cold jet. Dashed lines are from the shock-
free cold jet. 

 
 

                                                    
Figure 30. Impact of shock cells and heating on the noise intensity in the first five azimuthal modes. The intensity is 
computed as 𝟏𝟎𝑳𝒐𝒈𝟏𝟎((𝒑!′𝒎𝟐 /𝑷𝒂𝒎𝒃𝟐 ) ∙ 𝟏𝟎𝟏𝟎). (a). The increase caused by shock cells in the cold overexpanded jet. 
(b). The increase caused by the heating effect as the jet temperature increases from TTR = 1.0 to TTR = 2.0. 
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Figure 31. Instantaneous pressure fluctuations and SPL contours at screech frequencies in the cold jet. (a). Full 
pressure fluctuations. (b). Upstream propagating fluctuations. Arrows show the second screech harmonic waves. (c). 
SPL contours at the screech frequency of St = 0.305. (d). SPL contours at the second screech harmonic frequency of 
St = 0.61.   

 
 
 

         
Figure 32. Pressure intensities at the screech frequency of St = 0.301 in the cold overexpanded jet. (a). Upstream 
propagating intensity distribution. The dash lines show the screech peak propagation direction. (b). Downstream 
propagating intensity distribution.  
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Figure 33. Lip-line pressure intensities at the screech frequency of St = 0.301 in the cold overexpanded jet. The 
intensities are plotted in two different scales. 

 
 

 

                   
Figure 34. Top: Lip-line pressure fluctuation intensity 𝒑′ 𝒑𝒂𝒎𝒃 (red line) and the pressure intensity at the screech 
frequency of St = 0.305 (green line) versus the centerline static pressure distribution 𝒑 𝑷𝒂𝒕𝒎 − 𝟏 (dash line). The 
pressure intensity and screech intensity are multiplied by 5. Bottom: time-averaged axial velocity distribution. 
Straight dash lines are the peak intensity locations. 
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Figure 35. Pressure intensity versus acoustic Mach number and the length scale at the screech frequency in the 
radial direction in the overexpanded cold jet. (a)-(b). Downstream propagating waves. (c)-(d). Upstream propagating 
waves. 
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Figure 36. Shock-cell oscillations in the cold overexpanded jet. The contour magnitude is between 0.9Patm and 
1.1Patm. (a). The 5th shock cell moves down towards the lip line and rotates in a counterclockwise direction, but its 
neighboring compression waves (the 4th and 6th shock cells) oscillate at opposite directions. (b). Shock cells moves 
back to the location near the jet axis. (c). The 5th compression wave moves up towards the lip line and rotates in a 
clockwise direction, but its neighboring compression waves oscillate at opposite directions.  
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Figure 37. The generation of high-intensity pressure waves in the cold overexpanded jet. The contour magnitude is 
between 0.92Patm and 1.02Patm. (a)&(b). High-intensity pressure waves are observed when two neighboring 
compression waves rotate at an opposite direction and the edges of those pressure waves get close to each other near 
the lip line. (c). Shock cells moves back to the location near the jet axis and high-intensity waves are mostly absent 
at this shock-cell position.  
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Figure 38. Turbulence fluctuation intensities at the screech frequency of St = 0.305 in the cold jet. (a). 𝒖′𝟐 𝑼𝒋𝟐  . (b). 
𝒗′𝟐 𝑼𝒋𝟐  . (c). 𝒘′𝟐 𝑼𝒋𝟐  . (d). Intensities along the lip line. 𝒑′𝟐 𝑷𝒂𝒕𝒎𝟐   (black line), 𝒗′𝟐 𝑼𝒋𝟐   (red line) and 
𝒖′𝟐 𝑼𝒋𝟐  (green line).  

 
 

 
Figure 39. Pressure fluctuation intensities at the screech frequency of St = 0.26 in the heated jet of TTR = 2.0. 
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Figure 40. Turbulence fluctuation intensities at the screech frequency of St = 0.26 in the heated jet of TTR = 2. (a). 
𝒖′𝟐 𝑼𝒋𝟐  . (b). 𝒗′𝟐 𝑼𝒋𝟐  . (c). 𝒘′𝟐 𝑼𝒋𝟐  . 

 
 

         
Figure 41. Upstream and downstream propagating pressure intensities versus the inverse of the acoustic Mach 
number along the lip line. Solid lines: upstream propagating waves. Dash lines: downstream propagating waves. (a). 
Cold overexpanded jet. (b) A heated overexpanded jet at TTR = 2.0. (c). Cold shock-free jet. 

 

              
Figure 42.  Upstream and downstream propagating pressure intensities versus the inverse of the acoustic Mach 
number along the lip line in underexpanded jets reported in Ref. [18]. Solid lines: upstream propagating waves. 
Dash lines: downstream propagating waves. (a). Cold underexpanded jet. (b) A heated underexpanded jet at TTR = 
2.0. (c). A heated underexpanded jet at TTR = 3.0. 
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